Introduction
The state-of-the-art structural integrity assessment of reactor pressure vessels (RPV) is based on the Reference Temperature Concept, initially proposed by the American Society of Mechanical Engineers (ASME) [1, 2] . An experimentally ensured fracture toughness curve was constructed as the lower boundary of the available fracture toughness, K IC , of RPV steels. This conservative curve describing K IC as a function of temperature is used as an universal curve. For different RPV steels the curve is placed on the temperature axis over a reference temperature. In the initial state the nil-ductility-transition temperature (RT NDT ) is applied as reference temperature. The ductile to brittle transition temperature (DBTT) shift caused by the neutron irradiation is determined by Charpy V impact tests. The Charpy V DBTT shift is one of the results of the RPV surveillance programmes. The concept based on the ASME curve has the following disadvantages:
it is not consistent since it links fracture mechanical and technological parameters and margins of safety and uncertainties cannot be quantified.
Moreover, a consistent evaluation after the plane-strain, linear-elastic concept is not really practicable because of specimen size requirements. Recently, Wallin [3, 4] has developed a new methodology to characterize the fracture toughness in the lower transition region. J-integralbased cleavage fracture toughness, K JC values were analysed using the statistical Weibull model. This methodology has demonstrated that the estimates of the median fracture toughness of ferritic steels tend to form transition curves of the same shape. It is called the Cmaster curve". From the mathematical point of view ASME and master curve are identical in the shape. In case of the master curve, the reference temperature, T o , is, however, defined as the temperature at which the fracture toughness for a fracture probability of 50 % is equal to 100 MPam 1/2 . Although the master curve concept is already adopted by the American Society for Testing and Materials (ASTM) as standard [5] , the methodology has not yet become a generally accepted part of the RPV safety assessment. More experience in the application of the concept to different materials is necessary. The results presented below contribute to this task. A thick-wall section of a RPV steel plate with strong segregation structures was carefully tested by Charpy V impact and fracture mechanical testing. Particularly, the study aims at proving that valid master curves can be determined with small Charpy size specimens, characterizing the toughness over the thickness of the plate and the scattering in terms of the temperatures T o , and at comparing the T o temperatures with Charpy V transition temperatures for a strongly segregated material.
Material and Specimens
The material investigated is a rolled plate of ASTM type A533B Class 1 RPV steel which is used as IAEA reference material (code JRQ). Table 1 contains the chemical composition and the mechanical properties. The microstructure at various locations through the thickness was characterized by optical microscopy of etched metallographic sections. The basic microstructure is bainitic. The bainite is preferentially lower bainite and martensite at the surface layer and a heterogeneously composed upper bainite within the middle section. Within the bainitic basic structure reticular arrangements of martensitic structure occur. The reticularly arranged martensitic structure becomes more and more pronounced in the thickness direction and must be explained by segregation. The following types of specimens were tested:
standard Charpy V-notched specimen (T-L orientation) and precracked and side grooved (20 %) Charpy size specimens (T-L orientation).
Test Methods
The instrumented Charpy V impact tests were carried out with an instrumented 300 J impactpendulum and a test velocity of 5.5 m/s. The fracture mechanical tests were performed according to ASTM E 1921-97 standard [5] . The specimens were loaded with a servohydraulic test system CMTS 810 -Test Star" using the unloading compliance technique. The measured J-integral values at brittle failure were transformed into elastic plastic fracture toughness, K JC, values.
Results
A Weibull distribution with a fixed slope of 4 is used to construct a master transition curve in dependence on the temperature by the following equation for specimens with a thickness of 25.4 mm (1T size) [3, 5] :
where K JC(med) is the fracture toughness for a fracture probability of 50 %, T is the temperature and T 0 is the reference temperature at which K JC(med) equals 100 MPam 1/2 .
The temperature T 0 can be calculated using Eq. 1 or it can be obtained by the multi-temperature (m-t) method [3] . The m-t method offers the possibility to include specimens LQ WKH 7 WHPSHUDWXUH HYDOXDWLRQ which were tested at different test temperatures. All elastic plastic fracture toughness, K JC , data sets of the different thickness layers of the RPV steel plate determined by the master curve concept according to the m-t evaluation are shown in Fig. 1 . The K JC values are adjusted to a specimen thickness of 1 T size [3, 5] and plotted against the temperature difference T -T 0 . It is shown that most of the K JC values are within the tolerance bounds (5 and 95 % ). K JC values of specimens from the 1/4 to 3/4 through-the-thickness position of the plate (filled circles and squares in Fig. 1 ) strongly scatter at the same test temperature. The results show the problems of the fracture mechanical testing of small specimens. On the one hand, the fracture toughness measuring capacity given by the maximum validity limit according to the ASTM E1921-97 standard [5] is rather low for the small Charpy size specimens. On the other hand, the inhomogeneously segregated structure of the material within the inner range of the plate causes a strong scatter of the measured K JC values. There are K JC values above the maximum validity limit and below 50 MPam 1/2 . Under these circumstances the selection of the test temperature is difficult and the aid given in the ASTM standard [5] is applicable only as a rough estimation. The variation of the test temperature and the application of the m-t method facilitate the determination of the temperature T 0 . However, it was impossible to fulfill the requirements in the ASTM standard with only 6 tests performed with specimens of the inhomogeneous materials from the inner thickness positions. Fig. 2 shows the evaluated T 0 temperatures in dependence on the thickness position. Obviously, T 0 increases from the surface to the middle. In general, the course of T 0 over the thickness is nearly equal for both methods. Strong scattering occurs between the transition temperatures at different through-the-thickness locations, especially within the middle range. It is supposed that the scatter is caused by the reticularly arranged martensitic structure in the inner range of the plate. Fig. 3 shows the dependence of the evaluated Charpy V transition temperatures on the thickness. The course and the scatter of the Charpy V transition temperatures are comparable with T 0 in Fig. 2 . There are no significant differences in the course of the scatter for the transition temperatures determined with the different Charpy V parameters (impact energy, lateral expansion and the percentage of shear fracture).
Due to the scatter of the measured values there is no unambiguous correlation between the Charpy V transition temperatures and the reference temperatures T 0 as show in Fig. 4 . At almost the same temperature T 0 different Charpy V transition temperatures occur. The bad correlation explains why it was very difficult to meet the right test temperature. The ASTM standard gives an aid to select the suitable test temperature. This aid is based on the Charpy V transition temperature at an impact energy of 28 J minus 50 K for Charpy size specimens. The experience shows that in this way unvalid tests were often obtained.
Conclusions
The master curve concept was applied to characterize the fracture toughness in different throughthe-thickness locations of a plate of IAEA reference reactor pressure vessel steel. This plate shows an inhomogeneous structure within the inner range.
The following conclusions can be drawn from the test results:
1. The master curve concept is applicable to the fracture mechanical characterisation of structures with different toughness properties within a plate of RPV steel using small test
